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Hippocampal granule cells are important relay
stations that transfer information from the entorhinal
cortex into the hippocampus proper. This process
is critically determined by the integrative properties
of granule cell dendrites. However, their small
diameter has so far hampered efforts to examine
their properties directly. Using a combination of
dual somatodendritic patch-clamp recordings and
multiphoton glutamate uncaging, we now show that
the integrative properties of granule cell dendrites
differ substantially from other principal neurons.
Due to a very strong dendritic voltage attenuation,
the impact of individual synapses on granule cell
output is low. At the same time, integration is linear-
ized by voltage-dependent boosting mechanisms,
only weakly affected by input synchrony, and inde-
pendent of input location. These experiments estab-
lish that dentate granule cell dendritic properties are
optimized for linear integration and strong attenua-
tion of synaptic input from the entorhinal cortex,
which may contribute to the sparse activity of
granule cells in vivo.
INTRODUCTION
The dentate gyrus of the hippocampus is a key relay station,
common to all mammals, that controls information transfer
from the entorhinal cortex into the hippocampus proper (Amaral
et al., 2007; Treves et al., 2008). Dentate gyrus granule cells play
a crucial role in this process since they receive and integrate
the incoming entorhinal synaptic signals. Input from the entorhi-
nal cortex reaches the dentate gyrus via the perforant path
projection, which terminates in a laminated pattern onto granule
cell dendrites within the outer two thirds of the molecular
layer. This input represents the majority of excitatory synapses
on granule cell dendritic arbors (approximately 70% of the
3600–5600 synapses onto individual granule cells; Patton and512 Neuron 71, 512–528, August 11, 2011 ª2011 Elsevier Inc.McNaughton, 1995). Within the inner molecular layer, granule
cells receive additional associational/commissural inputs onto
their proximal dendrites. Understanding how these different
synaptic inputs are integrated by granule cell dendrites is of
central importance to understand the process of information
transfer into the canonical hippocampal circuit.
Dendritic integration is powerfully influenced both by the
morphological and passive electrical features of the dendritic
arbor, and the expression of voltage-gated ion channels. The
presence of voltage-gated conductances can endow individual
dendritic branches with active properties and can strongly
modulate excitatory postsynaptic potential (EPSP) propagation
(London and Ha¨usser, 2005). The propagation of voltage signals
in granule cell dendrites has so far been addressed only in
passive cable models of morphologically reconstructed granule
cells (Jaffe and Carnevale, 1999; Schmidt-Hieber et al., 2007).
These studies suggest that differences in the morphology of
granule cells and other types of neurons (i.e., pyramidal neurons)
may strongly influence dendritic voltage transfer. Indeed, gran-
ule cell dendrites differ considerably from those of hippocampal
pyramidal cells. For instance, they branch profusely not far from
the soma within the inner third of the molecular layer, giving rise
to multiple small-caliber higher order dendrites that traverse
the entire molecular layer. This branching pattern results in a
characteristic cone-shaped dendritic arbor, with most synaptic
sites being located on spines within the outer two thirds of the
molecular layer (Amaral et al., 2007). The dendritic integration
and voltage transfer of inputs from these synaptic sites is ex-
pected to depend strongly on the active and passive properties
of granule cell dendrites. However, efforts to experimentally
determine these properties have been hampered by their
exceedingly small diameter. Consequently, very little is known
about voltage transfer in small-caliber granule cell dendrites, or
about their integrative properties.
We were able to overcome these experimental difficulties by
using infrared scanning gradient contrast microscopy to perform
dual somatodendritic recordings from granule cells. Combining
this technique with experiments utilizing two-photon uncaging
of glutamate enabled us to address integration of excitatory
input in granule cell dendrites experimentally. We demonstrate
that the properties of these dendrites differ substantially from
those of other principal and nonprincipal neurons, and are
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processing different spatiotemporal input patterns in a linear
manner.
RESULTS
Strong Attenuation of bAPs in Granule Cell Dendrites
The integration of excitatory synaptic inputs from the entorhinal
cortex on the elaborate dendritic tree of granule neurons
crucially determines the discharge properties of granule cells.
So far, direct electrophysiological recordings from granule cell
dendrites have not been possible, due to the small diameter of
these processes (approximately 0.8 mm in distal and medial
molecular layer, Hama et al., 1989). We used combined two-
photon excitation fluorescence and infrared-scanning gradient
contrast (IR-SGC, Figure 1A), suitable for recording from thin
neuronal processes (Nevian et al., 2007), to obtain dual somato-
dendritic recordings from granule cells. We first studied the
attenuation of action potentials evoked by somatic current injec-
tion that back-propagated into granule cell dendrites (bAPs,
Figures 1B and 1C, see insets for magnifications). The bAP
amplitudes decreased strongly toward more remote dendritic
recording sites (n = 20, Figure 1D), with an attenuation length
constant of 86.0 ± 8.5 mm. This corresponds to a much steeper
attenuation than reported either for pyramidal cell main apical
(Golding et al., 2001) or basal dendrites (Nevian et al., 2007).
When the bAP amplitudes were plotted over the somatodendritic
distance normalized to the total length of the dendrite, the atten-
uation length constant was 0.31 ± 0.04 (n = 14, Figure 1E). Using
this analysis, attenuation normalized to total dendritic distance
seemed to be similar to both pyramidal cell apical and basal
dendrites (cf. Figure S3B in Nevian et al., 2007). Concomitantly,
the delay of the action potential peaks increased (Figure 1F). The
average conduction velocity of action potentials back-propa-
gating into granule cell dendrites was calculated from the action
potential peak delays, yielding 149.3 ± 2.0 mm$ms1. This
conduction velocity is markedly different when compared with
pyramidal cell apical dendrites (approximately 500 mm$ms1;
Stuart et al., 1997a) and is also lower than the estimates for basal
dendrites (approximately 200 mm$ms1; Antic, 2003; Nevian
et al., 2007). We also observed pronounced distance-dependent
broadening of bAPs, which manifested in a decrease of the
maximal rate of rise of bAPs (dV/dt, Figure 1G) together with an
increase in bAP half width (Figure 1H).
We next studied how bursts of action potentials back-propa-
gate into granule cell dendrites. In our recordings of bAPs during
repetitive firing induced by prolonged somatic current injections,
we had already observed that the amplitudes of individual bAPs
stayed constant during trains of action potentials (Figure 1C, see
red dendritic voltage recording). This is in contrast to pyramidal
cells, in which a pronounced amplitude reduction during a train
of action potentials due to slow inactivation of dendritic
voltage-gated Na+ channels was described (Colbert et al.,
1997; Jung et al., 1997; Spruston et al., 1995). We examined
this question in more detail by inducing bursts of somatic action
potentials via repetitive brief current injections at defined
frequencies (20, 50, and 100 Hz, Figures 1I–1K, respectively, first
and fifth action potentials shown enlarged and superimposedin the lowermost panels). In these experiments, the amplitude
of dendritic bAPs also remained unaltered during the train (Fig-
ure 1L). In addition, we never observed signs of dendritic regen-
erative potentials during bursts of action potentials, indicating
a relatively low density of voltage-gated channels recruited by
trains of bAPs.
The strong attenuation of bAPs during invasion into granule
cell dendrites raises the question if the associated Ca2+ tran-
sients also show a distance-dependent attenuation. Using multi-
photon Ca2+ imaging, we found that Ca2+ transients associated
with single bAPs showed little attenuation in the first, larger
caliber dendrite segments up to approximately 50 mm from the
soma (Figure 1M). Subsequently, however, attenuation was
substantial toward more distal sites (Figures 1M and 1N,
decrease for distances >50 mm from the soma 35.5% ± 0.4%/
100 mm, 124 linescans, n = 14 cells). Similar attenuation was
observed for action potential bursts elicited by brief current
injections (5 APs at 20 Hz, n = 3, 26 linescans, see Figure S1D
available online). This is markedly different from pyramidal basal
dendrites, in which no appreciable attenuation of bAP-associ-
ated Ca2+ transients is observed even when bAP amplitudes
are markedly attenuated.
The dendritic back-propagation of action potentials in pyra-
midal neurons is substantially modulated by voltage-gated Na+
channels (Colbert et al., 1997; Jung et al., 1997; Spruston
et al., 1995; Stuart et al., 1997b; Stuart and Sakmann, 1994).
Because the dendritic recordings so far suggested a compara-
tively low density of Na+ currents in granule cell dendrites, we
examined whether dendritic Na+ channels affect AP back-prop-
agation in dentate granule cells by locally applying the Na+
channel blocker tetrodotoxin to granule cell dendrites during
dual somatodendritic recordings (TTX, 1 mM, n = 4, average
distance of application site from soma 167.9 ± 13.8 mm, Figures
2A–2D). During continuous local application of TTX, the somatic
AP was initially unaffected, but bAP amplitudes decreased (red
symbols in Figure 2B, see example traces at time point 2).
Twenty seconds after onset of TTX application, the dendritic to
somatic amplitude ratio was reduced by 12.6% ± 8.9% (n = 4).
Ultimately, TTX application caused failure of somatic action
potentials in all experiments (example traces at time point 3 in
Figure 2B), indicating TTX had reached the perisomatic region
including the axon initial segment. Just before the somatic action
potential failed, the dendritic to somatic AP amplitude ratio was
reduced by 42.7% ± 10.2% (summary in Figure 2C).
Because the recruitment of voltage-gated Na+ currents is
dependent on the membrane potential, which may be more
depolarized in vivo, we also examined action potential back-
propagation over a range of membrane potentials. We elicited
somatic action potentials while injecting prolonged de- or hyper-
polarizing current pulses into the dendritic electrode (Figures 2E–
2G). Dendritic polarization did not affect bAPs over a large
range of dendritic membrane potentials, with some attenuation
of back-propagation only at dendritic potentials > 60 mV.
(Figure 2H, dendritic and somatic AP amplitude normalized to
the amplitude at resting membrane potential, n = 10). In further
experiments, we examined the effects of TTX on action potential
back-propagation as described in Figure 2C, but at depolarized
Vm (on average by 34.5 ± 2.9 mV). We found that 20 s of TTXNeuron 71, 512–528, August 11, 2011 ª2011 Elsevier Inc. 513
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Figure 1. Strong Dendritic Attenuation of Back-Propagating Action Potentials in Granule Cells
(A) Overlay of two-photon fluorescence and IR-SCG images of a granule cell. The locations of the somatic and dendritic patch pipettes are indicated (scale
bar 20 mm).
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19.9% ± 10.7% (n = 4). Just before failure of the somatic action
potential, the dendritic to somatic action potential amplitude
ratio was reduced by 44.3% ± 7.5% (Figure 2D).
Local TTX application (1 mM, n = 4) approximately halfway
between the soma and the imaging site did not significantly alter
bAP-associated Ca2+ transients (average distance of linescan
from soma 108 mm, range 86–128 mm, peak fluorescence after
TTX application 87% ± 16% of control, Wilcoxon signed-rank
test p = 0.25, Figure 2I, leftmost panel). The lack of significant
effects in these experiments may be due to the comparatively
small effects of local TTX application on bAPs, or may also be
due to a contribution of the spike afterdepolarization, present
in the dendritic recordings, to Ca2+ influx (see Figure 2B). Den-
dritic local application of the K+ channel blocker 4-aminopyridine
(5 mM) to block dendritic A-type K+ channels (Rhodes et al.,
2004) with the same configuration as for TTX also failed to signif-
icantly affect the magnitude of dendritic Ca2+ transients associ-
ated with bAPs (n = 11, average distance of linescan from soma
190 mm, range 131–308 mm, Wilcoxon signed-rank test of peak
fluorescence before and after drug application, p = 0.08, peak
fluorescence after drug application 119% ± 8% of control,
Figure 2I, rightmost panel). The effect of 4-aminopyridine was
verified by local puff-application at the neuronal soma, which
caused action potential broadening and burst generation
(Figure 2J).
These results suggest that granule cell dendrites contain
voltage-gated Na+ channels which affect dendritic propagation
of action potentials (Jefferys, 1979). However, compared with
pyramidal cell dendrites, the impact of these channels appears
to be lower. This is also reflected in a low propensity to generate
regenerative depolarizations in granule cell dendrites.
We next examined the attenuation of bAPs using a realistic
computational model (see Experimental Procedures, Figures
3A and 3B). We incorporated different densities of dendritic
voltage-gated Na+ and K+ conductances in this model. Imple-
mentations of the model lacking dendritic voltage-gated con-
ductances already closely replicated the bAP attenuation seen
experimentally (Figure 3C, three different granule cell morphol-
ogies derived from Schmidt-Hieber et al., 2007), depicted in light
gray, dark gray, and black, experimental data from Figure 1D(B and C) Upper traces: Single action potential (B) or train of action potentials (C) e
the dendrite (red, 77 mm from the soma). Lower traces: Higher magnification with
(D) Action potential amplitude from baseline, in somatic (blue) and dendritic record
(t = 86.0 ± 8.5 mm).
(E) Relative action potential amplitude plotted versus the distance of the recording
(D), n = 14. Dashed line: exponential fit (t = 0.31 ± 0.04).
(F) Action potential peak delay versus distance from soma. Gray dashed line: lin
(G) Maximum of the first derivative of the action potential waveform versus dista
(H) Action potential half-width versus distance from soma. Note the strong increas
depolarization.
(I–K) Bursts of action potentials evoked by somatic current injections (black) at 20
(red, 127 mm from the soma). Lower traces show magnifications of the first and
(L) Ratio of the amplitudes of the first and last action potential for somatic (blue) a
amplitude ratios are not significantly different at 20 and 50 Hz (p = 0.08 and p =
(M) Two-photon imagemontage of a granule cell (left). OGB-1 fluorescence traces
on the left (scale bar 20 mm).
(N) Peak fluorescence of bAP induced Ca2+ transients versus distance (binned esuperimposed). We then systematically varied the density of
Na+ conductances in themodel granule cell. Increasing dendritic
Na+ conductances to >2 mS/cm2 caused a boosting of bAPs
that was inconsistent with the experimental data (Figure 3D,
see legend for statistical analysis). Increasing dendritic A-type
K+ channel conductance to 30 and 60 mS/cm2 did not have
large effects on action potential back-propagation (Figure 3E)
compared with purely passive dendrites, primarily because
the depolarization afforded by bAPs at dendritic sites was
insufficient to cause large increases in A-type K+ current.
However, A-type conductances did have an effect in the
presence of Na+ conductances that boost action potential
back-propagation (cf. gNa 10 mS/cm
2 in Figure 3D versus gIA
30 mS/cm2 and gNa 10 mS/cm
2 in Figure 3E). This finding was
also apparent when the relative density of gIA and gNa was
systematically varied and the attenuation at 150 mm distance
from the soma was coded as a heatmap (Figure 3F). These
modeling data suggest that granule cell dendrites with modest
densities of voltage-gated Na+ or K+ channels can replicate the
experimentally obtained data well (see Figure 3G for overlay of
experimental data, and data points from the computational
model with passive dendrites and gNa 2mS/cm
2, data presented
asmean ± standard deviation of values for all dendritic segments
with a given distance from the soma).
Attenuation of EPSPs in Granule Cell Dendrites
The attenuation of EPSPs and the influence of voltage-gated
conductances on EPSP propagation have been extensively
examined in dendrites of pyramidal cells (London and Ha¨usser,
2005; Magee, 2000; Silver, 2010). In contrast, the features of
EPSP propagation from distal dendritic sites to the soma in
granule cells are unknown. We have studied this issue using
dual somatodendritic recordings from granule cells. Injection of
mock excitatory postsynaptic currents (EPSCs) into the dendritic
electrode yielded a strong voltage attenuation from the dendritic
to the somatic recording site (Figure 4A, red: dendritic recording,
blue: somatic recording, see Experimental Procedures and Fig-
ure S1 for description ofmock EPSC injection and related control
experiments, n = 16). The attenuation (somatic divided by
dendritic EPSP amplitude) ranged from 1.04 (43 mm from the
soma) to 0.088 (306 mm from the soma) with large variations invoked by somatic current injection (black), recorded at the soma (blue), and at
peak delay marked by dashed lines.
ings (black, n = 20) versus distance from soma. Gray dashed line: exponential fit
site from the soma normalized to the total length of the dendrite. Symbols as in
ear fit (slope 0.67 ± 0.02 ms/100 mm).
nce from soma. Gray dashed line: exponential fit (t = 58.7 ± 4.1 mm).
e in half-width at distal locations when the action potential blends into the after
Hz (I), 50 Hz (J), or 100 Hz (K) andmeasured at the soma (blue) and the dendrite
last action potentials in a burst.
nd dendritic measurements (red) at 20, 50, and 100 Hz. Somatic and dendritic
0.77, respectively, Wilcoxon signed-rank test, n = 7).
of bAP induced Ca2+ transients (right) from the linescans marked by white lines
very 20 mm, n = 14 cells and 124 linescans).
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Figure 2. Dependence of Action Potential Back-Propagation on Voltage Gated Na+ Channels in Granule Cell Dendrites
(A) Overlay of two-photon fluorescence and IR-SCG images of a granule cell. The locations of the somatic and dendritic patch pipettes, as well as the TTX
application pipette are indicated (scale bar 20 mm).
(B) Effects of TTX application on the amplitude of the somatic (blue) and dendritically measured (red) action potential during continuous local application of TTX.
Example traces were obtained at the time points indicated by 1–3.
(C) Quantification of the ratio of the dendritic to the somatic action potential amplitude, normalized to the baseline value. Measurements were obtained under
baseline conditions, 20 s after onset of TTX application, and at a time point just before failure of the somatic AP.
(D) As in (C), but at depolarized resting membrane potential. Bar graphs denote mean ± SEM in (C) and (D).
(E–G) Single action potentials during dendritic depolarization (E), at resting membrane potential (F), or with dendritic hyperpolarization (G) recorded at the soma
(blue) and at the dendrite (red, 127 mm from the soma). Dendritic (upper black traces, InjD) and somatic current injections (lower black traces, InjS) are shown at the
bottom of the panels.
(H) Action potential amplitude at different dendritic polarizations normalized to the amplitude at restingmembrane potential (n = 10) formeasurements at the soma
(blue) and the dendrite (red). Dendritic polarizations were binned at 5 mV intervals.
(I) Representative OGB-1 fluorescence traces of bAP induced Ca2+ transients before (black) and after (red) dendritic puff application of TTX (1 mM, left panels) or
4-AP (5 mM, right panels). Ca2+ measurements are shown in the upper panel, somatic action potential waveforms are shown in the middle panel, current
injections in the lower panel.
(J) Somatic 4-AP puff application (5 mM) leads to action potential broadening, bursting, and a large increase in bAP induced Ca2+ transients.
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Figure 3. Model of Action Potential Back-Propagation in Granule Cell Dendrites
(A) Schematic diagram of a model granule cell with dendritic (red) and somatic (blue) recording sites.
(B) Example traces of back-propagating action potentials at the locations indicated in (A).
(C) Relative amplitude of bAPs versus distance from the soma in three different granule cell morphologies (indicated in different gray shades). Relative bAP
amplitudes determined experimentally are overlaid in red (cf. Figure 1, n = 20). Sigmoidal fit to the model data is shown in black.
(D) Sigmoidal fits to the relative amplitudes of bAPs in three different granule cell morphologies versus distance from the soma. Dendrites are equipped with no
voltage-gated conductances (passive) or different densities of voltage-gated sodium channels. To test for differences between the experimental and model data
Kolmogorov-Smirnov tests of themeasured amplitude ratios versus the fit to the amplitude distribution from the different models were performed: measured data
versus passive model p = 0.15, versus model with gNa = 1 mS/cm
2 p = 0.30, versus gNa = 5 mS/cm
2 p < 0.0001, versus gNa = 10 mS/cm
2 p < 0.0001.
(E) Same as (D) but for different densities of voltage-gated A-type potassium channels or a combination of voltage-gated potassium and sodium channels.
Measured data versus gIA = 30 mS/cm
2 p = 0.07, versus gIA = 60 mS/cm
2 p = 0.07, versus gNa = 10 mS/cm
2 and gIA = 30 mS/cm
2 p < 0.0001.
(F) Heatmap of relative amplitude of bAPs in one model cell at approximately 150 mm from the soma for different combinations of Na+ and K+ conductances.
(G) Relative amplitudes of bAPs from two models (passive, dotted; and 2 mS/cm2 Na+ conductance, hatched). Data are presented as mean ± standard deviation
for the specific distances. Experimental data points are overlaid in black.
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Dendritic Integration in Hippocampal Granule Cellsthe proximal dendrites (CV = 0.81 for proximal sites <50 mm from
the soma, CV = 0.44 for more distal sites). In a subset of
these recordings, EPSPs were also evoked by local sucrose
application (eEPSPs, Figure 4B, magnified average eEPSP,see inset) close to the dendritic recording site. Individual eEPSPs
displayed a similar attenuation from the dendritic to the somatic
recording electrode as those evoked by dendritic mock EPSC
injection (average 0.10 ± 0.3 for eEPSPs and 0.129 ± 0.037 forNeuron 71, 512–528, August 11, 2011 ª2011 Elsevier Inc. 517
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Figure 4. Attenuation of EPSPs in Granule Cell Dendrites
(A) Attenuation of EPSPs elicited by dendritic current injection (red: dendritic recording, distance 182 mm from the soma; blue: somatic recording; black: current
injection).
(B) Spontaneous (top left) and sucrose-evoked (top right) EPSPs in the dendritic (red) and somatic recordings (blue). Average sucrose-evoked EPSP (bottom left)
in dendritic (red) and somatic recording (blue). Amplitude histogram of dendritic and somatic sucrose-evoked EPSPs (bottom right).
(C) Amplitude attenuation of dendritically injected (black circles, n = 16) or sucrose evoked EPSPs (gray triangles, n = 3) versus distance from the soma.
(D and E) Example traces of dendritic (red, distance from soma 133 mm) and somatic (blue) voltage deflections upon long current injections (bottom) into either
the soma (D) or into the dendrite (E). Attenuation from soma to dendrite 0.83, from dendrite to soma 0.36.
(F) Steady-state attenuation versus distance of dendritic recording site. Blue: attenuation from soma to dendrite (n = 20), red: attenuation from dendrite to
soma (n = 19).
(G) Schematic diagram of a model granule cell with dendritic (red) and somatic (blue) recording sites. Synapses resulting in the same local EPSP sizes (2 mV)
are placed at the indicated locations. Distances to the soma are 1, 200 mm; 2, 150 mm; 3, 100 mm; 4, 50 mm.
(H) Somatic EPSPs originating from the synapses indicated in (G).
(I) Model of long somatic current injection.
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Dendritic Integration in Hippocampal Granule Cellsmock EPSCs, respectively, paired t-test, p = 0.08, n = 3). At all
recording sites beyond the initial proximal dendritic segment,
attenuation was strong, with the somatic EPSP being only
10%–20% of the dendritic EPSP. Plotting the EPSP attenuation
for dual somatodendritic recordings (mock EPSPs: black circles,
eEPSPs: gray triangles) versus the distance between the
recording electrodes clearly confirmed that voltage attenuation
showed only weak distance dependence for dendritic input sites
between 50 and 300 mm (Figure 4C).
We then used prolonged current injections to study the
steady-state forward and backward voltage attenuation in
granule cell dendrites. Injection into the somatic electrode re-
vealed relatively modest steady-state attenuation (average
0.78 ± 0.04, range 0.40–1.04, n = 20, Figure 4D, blue symbols
in Figure 4F). In comparison, steady-state attenuation was
more pronounced upon current injections to the dendrites
(0.39 ± 0.05, range 0.06–1.00, n = 19, Figure 4E, red symbols
in Figure 4F). The asymmetric nature of voltage propagation in
granule cell dendrites is consistent with cable theory, and
reflects the different input impedances at dendritic and somatic
sites. Indeed, computational modeling revealed that a model
granule cell in implementations with purely passive dendrites
showed a dendritic EPSP attenuation (Figures 4G and 4H), as
well as differential steady-state forward and backward attenua-
tion (Figures 4I and 4J), similar to the experimental results. One
notable feature of EPSP attenuation in both the experimental
data and the computational model was the limited variance of
EPSP attenuation at dendritic distances of > 100 mm between
stimulation site and soma (Figure 4K, compare to Figures 4C
and 4H). We examined voltage transfer from dendritic locations
toward the soma by calculating the transfer impedance, a
parameter describing the frequency-dependent voltage transfer
properties. Transfer impedance decreased steeply at locations
more distal than 100 mm from the soma for high, but not for
low frequencies (Figures 4L and 4M for 1 kHz and 0 Hz, respec-
tively). Thus, most of the voltage decrement occurs in proximal
granule cell dendrites, allowing attenuation from more distal
compartments to be both strong and uniform.
Frequency-Dependent Voltage Attenuation in Granule
Cell Dendrites
Cable theory predicts that propagating fast voltage signals will
be more strongly attenuated than slow or steady-state voltage
signals. In addition, if the density of voltage-gated currents is
low, no pronounced resonant behavior at specific frequency
ranges should be detectable. To test whether granule cell
dendrites are at all capable of frequency dependent signal ampli-
fication we performed a more rigorous analysis of frequency
dependent properties using ZAP functions injected either into
thedendritic or the somaticelectrode (Figures5Aand5B, respec-
tively, see also Hu et al., 2009). These recordings first revealed
an absence of resonance behavior, indicating low functional
expression of dendritic hyperpolarization-activated currents(J) Model of long dendritic current injection.
(K) Attenuation of EPSPs versus distance to the soma for three different granule c
in red.
(L and M) Transfer impedances at 1 kHz (L) and 0 Hz (M, steady state), respectiv(Figure 5A). Indeed, we did not find changes in dendritic input
resistance upon application of the h-current blocker ZD7288
(273.8 ± 64.1 MU in control solution, and 277.8 ± 65.6 MU after
washin of 30 mM ZD7288, n = 3). This finding is also consistent
with the absence of a hyperpolarizing voltage sag both in
somatic and dendritic recordings (Figures S1E and S1F). We
calculated the Fourier transforms of the somatic and dendritic
voltage traces for current injections to the dendritic (Figure 5C)
or the somatic electrode (Figure 5D). The frequency-dependent
voltage transfer was estimated by computing the ratio of
dendritic to somatic Fourier transforms (Figure 5G, filled lines,
red: dendrite to soma, blue: soma to dendrite, dark gray indi-
cates SD, n = 6 and n = 9, respectively, distance >50 mm from
the soma). These data confirm a strong frequency-dependence
of voltage attenuation, with a significantly stronger attenuation
at higher frequencies (Wilcoxon signed-rank test of steady-state
attenuation (at 0.5 Hz) versus attenuation at 25 Hz, D/ S p =
0.031, S/ D p = 0.004). These experiments were repeated at
depolarized (Figure 5E) and hyperpolarized (Figure 5F)
membrane potentials (average change in dendritic membrane
potential +20.5 ± 3.4 and 15.7 ± 0.9 mV, n = 8 and n = 4,
respectively). The frequency-dependent voltage transfer was
not significantly altered (Wilcoxon rank tests at 0, 5, and 25 Hz,
Figure 5G). The frequency-dependent voltage transfer proper-
ties assessed with ZAP functions were well replicated in the
computational model with passive dendrites (data not shown).
Dependence of Voltage Transfer in Granule Cells
on Input Synchrony
During physiological activity granule cell dendrites receive corre-
lated synaptic input with varying degrees of synchrony. The
frequency-dependent properties of granule cell dendrites
described above suggest that voltage transfer of highly synchro-
nous synaptic input may be less efficient than inputs with low
synchrony. We therefore injected dendritic compound mock
EPSCs mimicking inputs of different synchrony. Compound
EPSCs consisted of 5 individual EPSCs separated by a variable
time interval Dt ranging from 0.1 to 100 ms (Figures 6A and 6B,
current injections shown in black, examples shown for Dt of
0.1 and 10 ms, respectively; red and blue indicate dendritic
and somatic voltage recordings). Both types of stimuli were
strongly attenuated, but the relative attenuation of the com-
pound EPSPwith a Dt of 10 ms was less pronounced (Figure 6C,
traces as in Figures 6A and 6B, but scaled to the same peak
value at Dt = 0.1 ms). When the peak voltage attained during
compound EPSPs at the dendritic and somatic recording sites
was plotted versus Dt, both parameters decline with increasing
Dt. However, the somatic EPSP was stable over a larger range
of Dt (Figure 6D). This effect was due to an enhanced voltage
transfer around a Dt of approximately 10 ms (Figure 6E, n = 12,
distance >50 mm from the soma). Very similar properties were
observed in the computational model, with application of iden-
tical compound mock EPSPs (virtual recording sites indicatedell morphologies (gray shades). Experimental data points from (C) are overlaid
ely, versus distance to/from the soma.
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Figure 5. Frequency-Dependent Properties of Granule Cell Dendrites
(A) Example traces of dendritic (red, distance from soma 156 mm) and somatic (blue) voltage waveforms in response to a dendritic sinusoidal current injection with
increasing frequency (black, ‘‘ZAP’’ protocol).
(B) Example traces as in (A) in response to a somatic ZAP current injection.
(C and D) Frequency spectrum of the dendritic (red) and somatic (blue) voltage transients in response to a dendritic (C) or a somatic (D) current injection,
respectively. Data from (A) and (B).
(E and F) Voltage transients in response to a dendritic ZAP current injection while the dendrite was depolarized (E) or hyperpolarized (F).
(G) Ratio of the spectra (magnitude of the injection site divided by themagnitude of the distal site). Ratios for dendritic injections and propagation toward the soma
are shown in red, ratios for somatic injections and propagation toward the dendritic site are shown in blue. Different line patterns denote different voltage regimes
the injection site was held at. Somatic injections: resting membrane potential (RMP) n = 9, depolarized n = 1, hyperpolarized n = 1. dendritic injections: RMP n = 6,
depolarized n = 7, hyperpolarized n = 3.
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model granule cells in Figures 6H and 6I). In the computational
model, the enhanced voltage transfer at a Dt of approximately
10 ms was also present when five synapses were stimulated.
The same effect was even more prominent with stimulation
of 10 or 15 synapses (dark gray and black in Figure 6I), with
a shift of the relation toward smaller Dt values. This property of
granule cell dendrites arises because the fast rising phases of
either compound EPSPs with a high degree of synchrony
(Dt 0 ms) or those of individual EPSPs with very low synchrony
(Dt > 50 ms) are particularly strongly filtered during propagation
to the soma. In contrast, the overall rising phase of compound
EPSPs with intermediate synchrony is rather slow, and these
EPSPs are therefore attenuated less. Thus, the frequency-
dependent transfer properties of granule cell dendrites render
the magnitude of the somatic EPSP less sensitive to temporal
jitter in input patterns.
Integration of Synchronous Synaptic Input in Dentate
Granule Neurons Is Linear with Gain
Whereas these results shed light on the voltage transfer proper-
ties of granule cell dendrites, they do not allow insights into
the processing of spatiotemporal input patterns mediated by
the release of glutamate.We therefore usedmultisite two-photon
uncaging ofMNI-glutamate to explore how granule cell dendrites
integrate synchronous synaptic inputs. We measured the520 Neuron 71, 512–528, August 11, 2011 ª2011 Elsevier Inc.summation of uncaging-induced excitatory postsynaptic poten-
tials (gluEPSPs, for detailed characterization of single-spine
gluEPSPs see Figure S2) evoked by stimulation of up to 13 spines
on individual dendritic branches (Figures 7A and 7B). Stimulating
increasing numbers of inputs with a high degree of synchrony
resulted in amonotonic increase in themagnitude of the resulting
gluEPSP (Figure 7C). We next examined the summation of indi-
vidual gluEPSPs in both types of neurons by comparing the
measured gluEPSPs to the expected magnitude of EPSPs
derived as the arithmetic sum of the individual single spine
gluEPSPs (Figure 7D). The relationship of themeasured gluEPSP
versus the EPSP expected from arithmetic summation was
approximated with a linear function, with an incline >1 in most
experiments (Figure 7E). The average gain obtained by linear
fitting under control conditions was 1.38 ± 0.06 (n = 47 branches,
not correlated with distance of the uncaging sites from the soma,
Pearson’s r = 0.046, p = 0.38). Thus, granule cell dendrites exhibit
linear summation of gluEPSPs, but with a gain.
This behavior of granule cell dendrites was very different from
CA1 pyramidal neuron dendrites. In CA1 basal dendrites (Fig-
ure 7F), the same stimulus paradigms used for the analysis of
granule cell dendrites revealed the capacity for nonlinear integra-
tion (n = 14), as previously described (Losonczy and Magee,
2006; Remy et al., 2009). Synchronous stimulation of increasing
numbers of input sites revealed a sudden increase in the somatic
peak depolarization at a particular input strength, due to the
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Figure 6. Propagation of Compound EPSPs
(A and B) Dendritic current injection waveforms of five mock EPSCs with intervals of 0.1 ms (A, inset, black trace) and 10 ms (B, inset, black trace). Dendritic (red)
and somatic voltage responses (blue) to the mock EPSC injections.
(C) Dendritic (red) and somatic (blue) EPSP waveforms as in (A) and (B) but scaled to the same peak value at Dt = 0.1 ms.
(D) Normalized compound EPSP amplitudes in dendritic (red) and somatic (blue) recordings versus the intervals of the dendritically injected mock EPSCs for the
distal recordings (n = 12, > 85 mm from the soma).
(E) Average attenuation of the compound EPSP versus the intervals of the dendritically injected mock EPSCs.
(F) Schematic diagram of a model granule cell with dendritic (red) and somatic (blue) recording sites. Five AMPA-NMDA synapses are placed at location 1.
(G) Example traces of compound EPSPs consisting of five single EPSPs with time interval 7.4 ms. EPSPs are recorded at the locations indicated in (A).
(H) Normalized compound EPSP amplitudes at the location of the synapses (red) and at the soma (blue) versus distance to the soma.
(I) Average attenuation of distal (>85 mm) compound EPSPs versus distance to the soma. Simulations for different numbers of single synapse EPSPs comprising
a compound EPSP are shown in gray shades. Values in (D), (E), and (H) are given as mean ± SEM.
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Dendritic Integration in Hippocampal Granule Cellsgeneration of a dendritic spike (Figures 7G and 7H). Dendritic
spikes consist of an initial fast, followed by a slower component
(Figure 7G, upper traces), as described previously (Losonczy
and Magee, 2006; Remy et al., 2009). The initial fast component
of the dendritic spike was particularly apparent as a marked
increase in the first derivative of the somatic voltage trace (Fig-
ure 7G inset, Figure 7I, dV/dt). Dendritic spikes could never be
elicited by synchronous uncaging in dentate granule cells (n =
47 dendrites). Thus, CA1 dendrites are capable both of linear
and supralinear integration via dendritic spikes. Dentate granule
cells, in contrast, invariably exhibit linear integration, but with
a variable gain.
Voltage-Dependent BoostingMechanismsCause Linear
Integration in Granule Cell Dendrites
The observation that the relationship of measured versus
expected gluEPSPs was linear over a wide range of inputstrengths was surprising, since we expected that the loss of
local driving force at the dendritic stimulation site would lead
to a saturation of the local EPSP size with increasing stimulation
strength (for estimation of the magnitude of this effect see
Experimental Procedures). These data suggested the presence
of a voltage-dependent boosting mechanism that normalizes
EPSPs for the loss of driving force and causes a linear gain.
Because synaptically elicited perforant path EPSCs had
a substantial NMDA component (NMDA/AMPA peak current
ratio 1.08 ± 0.12, n = 9, Figure S3, see also Keller et al.,
1991), we explored how these receptors impact processing of
synchronous input. In the presence of the NMDA receptor
blocker D-APV, the ratio of measured versus expected
gluEPSPs declined when the number of synchronously stimu-
lated spines was increased (Figures 8A and 8B, n = 14
branches). Application of TTX (1 mM, n = 23 branches, Figures
8C and 8D) or Ni2+ (1 mM, n = 17 branches, Figures 8E andNeuron 71, 512–528, August 11, 2011 ª2011 Elsevier Inc. 521
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Figure 7. Granule Cells, in Contrast to CA1 Pyramidal Neurons, Sum Synaptic Input Linearly with Gain
(A) Example image of a granule cell (scale bar, 20 mm). Inset shows a higher magnification, uncaging spots are marked (scale bar, 5 mm).
(B) Uncaging evoked EPSPs from 13 single synapses and the average gluEPSP (lower right).
(C) Top: EPSPs evoked by uncaging near synchronously at increasing numbers of spines (2–13). Bottom: EPSPs calculated as arithmetic sums of an increasing
number of single spine gluEPSPs from (B).
(D) Plot of the magnitudes of measured gluEPSPs (example data from C) versus the equivalent arithmetic sums of gluEPSPs. A linear fit to the data (black line,
slope 1.44) and a slope of 1 (dashed gray line) are indicated.
(E) Histogram (bars) and cumulative histogram (line) of the slopes (‘‘gain’’) of the linear fits to the single experiments (n = 47) exemplary shown in (B–D).
(F–I) The same protocol as in (A–D) for a CA1 pyramidal neuron basal dendrite. (F) Example image of a CA1 pyramidal neuron basal dendritic tree (scale bar,
20 mm). Inset shows a higher magnification, uncaging spots are marked (scale bar, 5 mm). (G) Top: EPSPs evoked by uncaging near synchronously at increasing
numbers of spines (2–13). Inset: first derivative of themeasured uncaging EPSPs. Bottom: EPSPs calculated as arithmetic sums of an increasing number of single
spine gluEPSPs. (H) Plot of the magnitudes of measured gluEPSPs versus the equivalent arithmetic sums of gluEPSPs. (I) Maximum of the first derivatives (dV/dt,
shown in G inset) versus the number of stimulated synapses.
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gluEPSPs (see Figure 8G for summary, Dunnett test, p <
0.0001, p = 0.004, p = 0.02, respectively), but not as strongly
as the application of D-APV. These data indicate that linear
integration in granule cells requires NMDA receptors, and—to
a lesser extent—voltage-gated Na+ and Ca2+ channels. It
should be noted that the NMDA/AMPA ratio could be enhanced
in uncaging experiments, because it cannot be excluded that
photoliberated glutamate gains access to perisynaptic NMDA
receptors.
We explored this effect in the computational model. We stim-
ulated up to 13 synapses on the dendritic tree of a model granule
cell, with synapses exhibiting the experimentally determined
NMDA/AMPA ratio of 1.08, while recording voltage from the
dendritic stimulation site and the soma. We first stimulated an
individual synaptic spine alone (d), then 12 further spines (
P
B),
and finally all 13 spines (
P
B+ d, Figure 9A, upper traces) in
a comparable manner as during uncaging experiments. By sub-
tracting the EPSPs caused by stimulation of 12 spines (EPSP-
P
B) from that of 13 spines (EPSP
P
B + d), we isolated
the contribution of a single spine to the sum EPSP (EPSPDd, Fig-
ure 9A, lower traces). If local boosting at the dendritic522 Neuron 71, 512–528, August 11, 2011 ª2011 Elsevier Inc.site compensates the loss of driving force completely, then
EPSPDd must be equal in magnitude to EPSPd. This was
the case for control conditions with synapses incorporating
both AMPA and NMDA receptors (Figure 9A, lower traces), but
not for synapses containing only AMPA receptors (EPSPDd
smaller than EPSPd, Figure 9B, lowermost traces). These
modeling data are consistent with the physiological data and
indicate that the loss of local driving force in granule cell
dendrites can be compensated by voltage-dependent boosting.
Figures 9C and 9D depict the corresponding voltage record-
ings from the model cell soma. At the soma, EPSPDd was
considerably larger than the EPSPd (Figure 9C), consistent with
the gain seen in physiological experiments (Figures 7D and 7E)
and modeling experiments (not shown). Since the stimulation
of sum EPSPs is slightly asynchronous in this model (Dt of
1.1 ms between every individual stimulation, consistent with
the experimental paradigm), propagation of these voltage
transients benefits from the frequency-dependent transfer
properties of granule cell dendrites described in detail in Figures
5 and 6.
In summary, the total linear gain seen in the somatic com-
partment is caused first by a local boosting that is dependent
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Figure 8. Voltage-Dependent Boosting Mechanisms in Dentate Granule Cells
(A) Left: EPSPs evoked by uncaging near synchronously at increasing numbers of spines (2–13) in the presence of D-APV (50 mM). Right: EPSPs calculated as
arithmetic sums of an increasing number of single spine gluEPSPs in the presence of D-APV (50 mM).
(B) Plot of the magnitudes of measured gluEPSPs (n = 14) versus the equivalent arithmetic sums of gluEPSPs in the presence of D-APV. Gain of the control data is
indicated (gray dashed line).
(C and D) Same as in (A) and (B) but in the presence of TTX (1 mM, n = 23).
(E and F) Same as in (A) and (B) but in the presence of Nickel (1 mM, n = 17).
(G) Average gain under control conditions (n = 47) and in the presence of either D-APV, TTX, or Nickel. *Dunnett test, p < 0.0001, p = 0.004, p = 0.02, respectively.
Values in (B), (E), and (F) are given as mean ± SEM.
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Dendritic Integration in Hippocampal Granule Cellson NMDA receptors, Na+ and Ca2+ channels, and a subsequent
propagation effect that favors slightly asynchronous sum
EPSPs over single spine EPSPs (Figure 9E). These properties
cause granule cell integration to be relatively independent of
input synchrony. This behavior is qualitatively different from
CA1 pyramidal neurons, in which input synchrony profoundly
influences dendritic integration (see Figures 7F–7I, and Losonczy
and Magee, 2006).Integration of Spatially Distributed Inputs
In pyramidal neurons, individual dendritic branches can exhibit
specific forms of integration that differ markedly between adja-
cent branches (Losonczy and Magee, 2006; Remy et al., 2009).
We studied how inputs on different dendritic subbranches
interact in dentate granule cells by selecting four sets of seven
spines on two daughter branches emanating from the same
parent dendrite (Figure 10A). We then stimulated sets of sevenNeuron 71, 512–528, August 11, 2011 ª2011 Elsevier Inc. 523
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Figure 9. Mechanisms of Dendritic Boosting in Dentate Gyrus
Granule Cells
(A) Top: example dendritic EPSP for activation of one synapse (d) in
a computational model. Middle: dendritic sum EPSPs for 12 (
P
B) and 13
(
P
B+d) synapses activated with a 1.1 ms interval between each synapse.
Bottom: dendritic single synapse EPSP calculated by subtraction of the sum
EPSPs (Dd) and the single synapse EPSP (d).
(B) Same as in (A) but with synapses incorporating just AMPA receptors.
(C) Same as in (A) but measured at the somatic compartment.
(D) Same as in (B) but measured at the somatic compartment.
(E) Ratio of the amplitudes of a single synapse EPSP activated either alone or
together with an increasing number of synapses. Red squares: Dendritic
EPSPs for synapses with just AMPA receptors. Red circles: dendritic EPSPs
for synapses with AMPA and NMDA receptors. Blue: somatic EPSPs for
synapses with AMPA and NMDA receptors.
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524 Neuron 71, 512–528, August 11, 2011 ª2011 Elsevier Inc.spines to obtain the corresponding gluEPSPs (1A, 1B, 2A, and 2B,
Figure 10B). Subsequently, we stimulated various combinations
of seven spine sets (1A+1B, 2A+2B, 1B+2A and 2B+1A, black
traces in Figure 10B). We compared these measured EPSPs
with the EPSPs expected from arithmetic summation of the
gluEPSPs derived from stimulation of seven spine sets (gray
traces in Figure 10B). Determining the ratio of measured and
calculated compound gluEPSPs to stimulation of 14 spines
situated either on one or two different branches revealed that
the spatial distribution of inputs does not appear to affect inte-
gration in granule cells (Figure 10D, GC, n.s., Wilcoxon rank
test). Performing analogous experiments on CA1 dendrites
(Figures 10C and 10D), dendritic spikes could be elicited by
stimulation of a single seven spine set on one individual branch
(Figures 10F–10I). In those cases in which all four seven-spine
sets were subthreshold for a dendritic spike (Figure 10D,
upper traces), some combinations of seven-spine sets, never-
theless, triggered dendritic spikes (e.g., 1B+2A in Figure 10D),
while other combinations did not. These data show that, as
described previously for input sites on a single branch (Losonczy
and Magee, 2006; Remy et al., 2009), summation of input
from two different branches in CA1 neurons can be either linear
or supralinear by virtue of dendritic spikes (Figure 10E, PCs,
dark gray versus light gray bars, d-spike branch weights
significantly different from all nonspike groups, ANOVA and
Newman-Keuls test). We then assessed if summation of inputs
from the two major pathways targeting granule cell dendrites
also shows a linear behavior. We stimulated the medial and
lateral perforant path with theta-glass electrodes (Experimental
Procedures, see Figure 10F for examples), first each pathway
alone and then both pathways with varying interstimulus time
intervals (see Figures 10G and 10H for examples). Comparing
the measured sum EPSP to the arithmetic sum of the single
EPSPs showed a linear summation over a wide range of input
timings (Figure 10I).
Thus, hippocampal CA1 neurons may be considered efficient
synchrony detectors, as previously hypothesized (Ariav et al.,
2003; Polsky et al., 2004), with local heterogeneities in the
properties of dendritic branches contributing to the computa-
tional complexity of these neurons (Poirazi et al., 2003). In
marked contrast, granule neurons, located upstream of CA3
and CA1 pyramidal cells in the canonical hippocampal circuit,
exhibit a fundamentally different type of integration which is
aimed at weighing the somatic impact of individual synapses
independently of location or input synchrony.
DISCUSSION
Granule cells in the dentate gyrus are critically situated to relay
input from the entorhinal cortex into the hippocampus proper.
Dendritic integration in dentate granule cells is crucial for the pro-
cessing of this input. Here, we demonstrate that the properties
of granule cell dendrites are dissimilar to central glutamatergic
neuron types described so far. Most types of principal (Ha¨usser
et al., 2000; Magee, 2000; Spruston, 2008) and nonprincipal
(Hu et al., 2010; Martina et al., 2000) neurons display different
forms of active dendritic signal propagation, mediated by
precisely regulated levels of different voltage-gated channel
Neuron
Dendritic Integration in Hippocampal Granule Cellstypes (Lai and Jan, 2006). In particular, pyramidal cell dendrites
are capable both of linear input integration and a nonlinear inte-
gration mode. The latter mode is subserved by regenerative
dendritic spikes that are triggered preferentially by synchronous
input. These spikes can overcome dendritic voltage attenuation
and trigger an action potential output. As a consequence, pyra-
midal neuron dendrites generating strong dendritic spikes may
be capable of generating neuronal output to as few as approxi-
mately five synchronously stimulated synapses.
In marked contrast, granule cell dendrites require consider-
ably more concurrent inputs to generate an output. This is due
first to the strong voltage attenuation of EPSPs in granule cell
dendrites that is more pronounced compared with other fine
dendrites described so far (Nevian et al., 2007). Second, the
membrane potential of granule cells is relatively hyperpolarized
compared with other types of neurons (85.4 ± 0.5 mV in our
experiments, n = 186 cells) with an action potential threshold
of53.2 ± 1.1 mV (see also Kress et al., 2008), resulting in a rela-
tively large voltage difference that has to be traversed in order
to generate an action potential. Finally, granule cell dendrites
lack dendritic spikes that would allow them to more efficiently
bridge the voltage gap between membrane potential and action
potential threshold. The number of distal synapses required to
reach action potential threshold in granule cells can be roughly
estimated from the resting and threshold potential levels and
the unitary EPSP size (0.6 mV, see Experimental Procedures)
as approximately 55 synapses. Thus, granule cell dendrites
can be viewed as linear integrators and strong attenuators, while
pyramidal neurons are capable of highly efficient synchrony
detection.
These results have implications for the type of information
storage implemented in granule cells versus pyramidal neurons.
In the latter, dendritic segments can be classified into two
distinct populations based on the magnitude of local dendritic
spikes (Losonczy et al., 2008; Makara et al., 2009). Even more
intriguing, a novel form of plasticity consisting of a conversion
of weakly spiking dendritic segments into strongly spiking
segments has recently been described which relies on local
regulation of A-type K+ channels. This has been proposed as
a mechanism for input feature storage (Losonczy et al., 2008;
Makara et al., 2009). As we could not detect dendritic spikes in
our multiphoton uncaging experiments, and as the integrative
properties of granule cells dendrites were invariably linear, we
suggest that input feature storage via dendritic spikes is not im-
plemented in single dendritic branches of dentate granule cells.
A particularly intriguing feature of granule cell dendrites is that
their specific morphological and functional properties enable
them to weigh different inputs relatively independently of input
location and input synchrony. First, voltage attenuation is similar
in the entire perforant path termination zone, due to a steep
increase in transfer impedance close to the soma (see Figures
4C and 4K). This is consistent with (Desmond and Levy, 1984),
who already observed that the dendritic diameter 3/2 power ratio
(Rall, 1962) holds in the outer 2/3 of themolecular layer but not at
the branchpoints in the inner 1/3 where the first-, second-, and
third-order dendrites branch. Second, inputs on two different
branches, or in two different input zones are summed in a linear
fashion (see Figure 10). Third, granule cells exhibit specificfrequency-dependent voltage transfer properties, which render
the magnitude of a somatic sum EPSP less sensitive to temporal
jitter in the component inputs (Figure 6). Finally, granule cells
exhibit voltage-dependent boosting of single spine inputs,
primarily via NMDA receptors, with a less pronounced role of
voltage-gated Na+ and Ca2+ channels (probably within synaptic
spines, see Figure 8). This mechanism counteracts the loss in
driving force incurred when EPSPs summate and approach the
glutamate reversal potential over a range of input strengths
tested (2–14 spines). Over this range, the impact of individual
spines is constant, regardless of the number of concurrently
stimulated spines. Linear integration has also been described
in CA1 neurons as a result of the interaction of NMDARs and
A-type K+ currents (Cash and Yuste, 1999). It should be noted
that granule cells are particularly suited to exhibit this type of
mechanism by virtue of their high proportion of synaptic
NMDARs active close to the resting membrane potential (see
Keller et al., 1991; Lambert and Jones, 1990; and our data; for
comparison to CA1 neurons see McDermott et al., 2006).
These considerations reinforce the idea that granule cells
behave as linear integrators, in contrast to pyramidal neurons.
In addition, our data suggest that granule cells act as strong
attenuators that require relatively large numbers of concurrent
inputs to be driven to spike threshold. These specific integrative
properties of granule cell dendrites are likely to be relevant for
the transfer of specific entorhinal cortex neuron activity patterns,
i.e., during spatial exploration (Moser and Moser, 2008) into the
hippocampus proper.EXPERIMENTAL PROCEDURES
Slice Preparation and Electrophysiology
Horizontal hippocampal slices (300 mm) were made from 21- to 41-day-old
Wistar rats in ice-cold sucrose artificial cerebrospinal fluid (ACSF) containing
(in mM) 60 NaCl, 100 sucrose, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 1 CaCl2,
5 MgCl2, and 20 glucose (95% O2/5% CO2) by using a vibratome (Microm).
Before decapitation, deep anesthesia was obtained with ketamine (100 mg/
kg, Pfizer) and xylazine (15 mg/kg, Bayer). All animal experiments were con-
ducted in accordance with the guidelines of the Animal Care and Use
Committee of the University of Bonn.
Slices were incubated at 35C for 30 min and then held at room temperature
for up to 5 hr. Granule cells were recorded in ACSF containing (in mM) 125
NaCl, 3.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 2 CaCl2, 2 MgCl2, and 15 glucose
(95% O2/5% CO2). No GABA receptor blockers were added. Recording
temperature in the submerged chamber was 33C. Cells were visualized
with infrared oblique illumination optics and a water immersion objective
(603, 0.9 NA, Olympus). Somatic whole-cell current-clamp recordings of
granule cells in the suprapyramidal layer were made with a Multiclamp 700B
amplifier (Molecular Devices) or a BVC-700 amplifier (Dagan Corporation).
Data were filtered at 9–15 kHz and sampled at 50 kHz with a Digidata 1440
interface controlled by pClamp Software (Molecular Devices, Union City,
CA). Electrode resistance in the bath ranged from 2 to 5 MU and series resis-
tance ranged from 8 to 20 MU. Only cells with an input resistance <300 MU
were selected to exclude recordings from newly generated granule cells (Liu
et al., 1996; Schmidt-Hieber et al., 2004). The internal solution contained
[in mM] 130 K-gluconate, 20 KCl, 10 HEPES-acid, 0.16 EGTA, 2 Mg-ATP,
2 Na2-ATP, and 200 mM Alexa 488 or 594 (Invitrogen) (pH 7.2), osmolality
295 mOsm. Voltages were corrected for the calculated liquid-junction poten-
tial of +14.5 mV. Dendritic recording electrodes were made from thick walled
borosilicate glass capillaries (GB200-8F, Science Products) on a horizontal
puller (P-97, Sutter Instruments) and used without further modifications.
Dual-whole cell recordings were performed from the soma (2–5 MU electrodeNeuron 71, 512–528, August 11, 2011 ª2011 Elsevier Inc. 525
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Figure 10. Summation of Input on Different Granule Cell Dendritic Branches or Layers Is Linear
(A) Two-photon image of two representative dentate granule cell daughter-branches originating from the same parent branch. Uncaging locations are marked
with small circles. Groups of seven uncaging spots are embraced by white ellipses and labeled 1A and 1B for one daughter branch and 2A and 2B for the other
(scale bar, 10 mm).
(B) Example traces of uncaging evoked sum EPSPs of the four groups of seven spines, as indicated (1A, 1B, 2A, and 2B, upper row). The lower row depicts
traces obtained by synchronous uncaging at two groups of seven spines distributed on either a single or two different branches as indicated in red. Measured
traces are shown in black and responses calculated by arithmetically summing the responses from individual seven-spine sets (upper row) are shown in gray.
(C) Two-photon image of a CA1 parent basal dendrite with two daughter dendrites (scale bar, 20 mm).
(D) Identical experimental protocol for the CA1 pyramidal neuron as depicted in (B). Dendritic spikes occur in CA1 neurons (larger magnification in the inset) but
were never observed in granule cells.
(E) Summary data of the ratio of measured and calculated gluEPSPs on one (1) or two (2) branches in dentate granule cells (GC) and CA1 pyramidal cell basal
dendrites (PC). In pyramidal cells, gluEPSPs featuring a dendritic spike are grouped separately (light gray). Spike group branch weights are significantly different
from all nonspike groups (ANOVA and Newman-Keuls test, GC: n = 23, PC: n = 40 [one branch] n = 5 [one branch, spike], n = 35 [two branches], n = 7 [two
branches, spike]).
(F) Example EPSPs evoked by electrical stimulation in the middle or outer molecular layer, respectively.
Neuron
Dendritic Integration in Hippocampal Granule Cells
526 Neuron 71, 512–528, August 11, 2011 ª2011 Elsevier Inc.
Neuron
Dendritic Integration in Hippocampal Granule Cellsresistance) and dendrites (20–30 MU electrode resistance) using a BVC-700
amplifier (Dagan Corporation). The series resistance of the dendritic record-
ings was 100.7 ± 5.2 MU (60–135 MU, not correlated with distance, Pearson’s
r = 0.31, p = 0.15). Dendritic input resistance was 374 ± 45MU (correlated with
distance, Pearson’s r = 0. 64, p = 0.003, control recordings see Supplemental
Experimental Procedures). Drug application was carried out either via a local
application via a glass microelectrode or via bath application. In addition, in
some experiments, dual dendritic and somatic patch-clamp recordings were
obtained and EPSPs were evoked both by current injection and sucrose puff
application. Electrical two-pathway stimulation was performed with two
theta-glass pipettes filled with ACSF, positioned near the same granule cell
in the middle and outer molecular layers, and connected to two stimulus
isolators (AM-Systems) operating in bipolar constant current mode.
IR-SCG and Dendritic Recordings
Two-photon excitation fluorescence microscopy was combined with IR-SCG
using an ultrafast Ti:Sa laser (950 nm, Chameleon Ultra, Coherent) coupled
to a microscope (BX-51, Olympus) equipped with a galvanometer-based
scanning system (Ultima, Prairie Technologies). IR-SCG images were
generated by spatially filtering the forward scattered infrared laser light with
an oblique illumination field stop in the condenser and subsequent detection
with a substage photomultiplier tube. An enhanced frequency of unitary
EPSPs was evoked by local application of high-osmolar external solution,
consisting of normal ACSF with 300 mOsm sucrose and 1 mM TTX added.
Multiphoton MNI-Glutamate Uncaging and Multiphoton
Ca2+ Imaging
Two-photon glutamate uncaging at dendrites of dentate granule cells was
performed using amicroscope equippedwith a galvanometer-based scanning
system (Prairie Technologies) to photorelease MNI-caged-L-glutamate (Bio-
zol; 12 mM applied via a patch pipette above slice) at multiple dendritic spines.
All uncaging locations included in this studywere located >85 mmand <210 mm
from the soma. Usually 13 spines were selected on a 10–15 mm segment.
Multiphoton photorelease was obtained with an ultrafast, Ti:Sa pulsed laser
(Chameleon Ultra, Coherent) tuned to 725 nm targeted to individual spines
with an uncaging dwell time per spine of 1 ms. In some experiments uncaging
dwell times of 0.5 and 0.2 ms were applied (control experiments to ensure
that different durations of uncaging dwell times did not affect the magnitude
of the NMDA component of the gluEPSPs see Supplemental Experimental
Procedures). For uncaging at multiple spines, the laser focus was rapidly
moved from spine to spine with a moving time of approximately 0.1 ms, which
is in the range of the settling time of the galvanometric mirrors in our uncaging
protocols. No difference in the relationship of measured versus expected
EPSP was observed for a slower moving time of 0.5 ms (Figure S4C). The laser
power was kept below 8 mW at the slice surface to avoid photodamage. The
experimental approach involved uncaging at individual spines independently
(interval >400 ms) to calculate the arithmetic sum of individual events. Unitary
gluEPSPs had an average amplitude of 0.61 ± 0.02 mV and 20%–80%
rise times of 5.5 ± 0.1 ms (n = 536). Pearson’s r for correlation with distance
was 0.013 and 0.041 respectively (p = 0.91 and p = 0.72). Ca2+ imaging
experiments were performed with an intracellular solution containing OGB-1
(100 mM, Invitrogen) replacing EGTA and Alexa 594 reduced to 50 mM. Action
potential evoked Ca2+ transients were recorded in linescan mode at approxi-
mately 425–750 Hz. Ca2+ transients are reported as change in OGB-1 fluores-
cence normalized to baseline fluorescence as averages of five trials.
Computer Simulations
Computer simulations were performed on three previously published recon-
structed granule cells and passive parameters (cells 5,6,7 from Schmidt-
Hieber et al., 2007). Multicompartment models (number of segments accord-(G) Example traces of concurrent electrical stimulation of both pathways with a 1m
expected response, calculated by summation of the single pathway stimulations
(H) Example traces as in (G) but with an interval of 10 ms between the stimulatio
(I) Summation of EPSPs from both pathways is linear for all time intervals tested. Th
any time interval (t-tests against mean of 1). Stimulus artifacts in (F–H) are blanking to d_lambda rule for 1 kHz) were simulated in the NEURON platform (Hines
and Carnevale, 2001). The passive properties were also taken from (Schmidt-
Hieber et al., 2007) and corrected for temperature and spines, average
values were Ra = 170 Ucm, Rm = 117.2 kUcm2, and Cm = 1.36 mFcm2.
Dendrites were passive in most experiments, with transient sodium currents
(iNa,T), A-type potassium current (iKA) and delayed rectifier potassium current
(iKDR) inserted as stated in the results (see Supplemental Experimental
Procedures for more detailed description). Synaptic conductances were
modeled with a biexponential function (AMPA, taurise = 0.05 ms, taudecay =
2 ms) and a biexponential function with voltage-dependent magnesium block
(NMDA, taurise = 0.33 ms, taudecay = 50 ms). To account for the significant
NMDA mediated current contribution to EPSPs at resting membrane potential
(Keller et al., 1991), a highmagnesium sensitivity was used (eta = 0.05). NMDA/
AMPA peak current ratio was determined experimentally as 1.08 ± 0.12 (not
correlated with distance, Pearson’s r = 0.31, p = 0.43).
Estimation of the Expected Sum EPSP When Correcting for Loss
of Driving Force Incurred during Large Synchronous EPSPs
The arithmetic sum of all the 13 gluEPSPs shown in Figure 7B is 6.1 mV
(see Figures 7C and 7D). Assuming the dendritic membrane potential to
be86mV thiswould correspond toadendritic peakdepolarization to35mV.
The depolarization by the average single gluEPSP of 0.48 mV at the soma
corresponds to a dendritic depolarization to 82 mV. Assuming a synaptic
reversal potential of 0 mV the loss of driving force is around 60%. Thus, the
expected linear sum gluEPSP at the soma corrected for driving force loss
is just 2.6 mV.
Data Analysis and Statistics
Data analysis was performed using Igor Pro (Wavemetrics). Distancemeasure-
ments were performed on image stacks collected at the end of recordings
using ImageJ (NIH). The distance between the soma and the input site was
measured from the center of the soma to the approximatemidpoint of the input
site in the case of gluEPSPs evoked by multisite uncaging. Distances in
double-patch and modeling experiments are Euclidean distances. All values
are given as mean ± standard error of mean unless otherwise noted.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at doi:10.1016/
j.neuron.2011.05.043.
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